Mitochondrial dysfunction is prevalent in the aging gastrointestinal tract. We investigated whether mitochondrial function in aging colonic crypts and exercise influences microbial gut communities in mice. Twelve PolgA mut/mut mice were randomly divided into a sedentary and exercise group at 4 months. Seven-aged matched PolgA +/+ mice remained sedentary throughout. Stool samples were collected at 4, 7, and 11 months, and bacterial profiling was achieved through 16S rRNA sequencing profiling. Mitochondrial enzyme activity was assessed in colonic epithelial crypts at 11 months for PolgA mut/mut and PolgA +/+ mice. Sedentary and exercised PolgA mut/mut mice had significantly higher levels of mitochondrial dysfunction than PolgA +/+ mice (78%, 77%, and 1% of crypts, respectively). Bacterial profiles of sedentary PolgA mut/mut mice were significantly different from the sedentary PolgA +/+ mice, with increases in Lactobacillus and Mycoplasma, and decreases in Alistipes, Odoribacter, Anaeroplasma, Rikenella, Parabacteroides, and Allobaculum in the PolgA mut/mut mice. Exercise did not have any impact upon gut mitochondrial dysfunction; however, exercise did increase gut microbiota diversity and significantly increased bacterial genera Mucispirillum and Desulfovibrio. Mitochondrial dysfunction is associated with changes in the gut microbiota. Endurance exercise moderated some of these changes, establishing that environmental factors can influence gut microbiota, despite mitochondrial dysfunction.
Aging is a process characterized by a decline in physiological function, in which mitochondrial DNA (mtDNA) mutations play a key role (1) . These mtDNA mutations result in the accumulation of cytochrome c oxidase (COX) deficient cells in aging tissues, including the gastrointestinal tract (GIT) (2, 3) . The colonic epithelium cells are particularly susceptible to age-related mtDNA mutations, in humans on average 15% (40% in extreme cases) having lost normal oxidative phosphorylation (OXPHOS) activity by the age of 70 years (3) . The functional consequences of a loss in mitochondrial function in the aging intestinal epithelium are unknown.
The complex nature of the GIT means that any reduction in its function with aging makes it more susceptible to GIT disorders and potentially pathogenic microorganisms (4) , which are prevalent in the aging population (5) and primary mitochondrial disorders (6) (7) (8) . From birth to adulthood, the bacterial community within the GIT, termed "gut microbiota," adapts with the host working in a symbiotic nature (9) .
A common GIT disorder is the slower transit time of digesta, which can have a direct impact upon digestion, absorption of nutrients, fermentative processes, defecation, and bacterial excretion (12) . This culminates in reduced diversity and an imbalance of potentially healthy and pathogenic bacteria, termed "gut microbiota dysbiosis" (13) . For example, in aging and antibiotic-treated patients, bacteria such as Allobaculum are reduced, crucial for short chain fatty acids (SCFA) fermentation and its anti-inflammatory and anticarcinogenic properties (14, 15) . In contrast, Mucispirillum and Desulfovibrio have been shown to be increased in aging and contribute GIT inflammation and colitis (16) . Therefore, the gut microbiota dysbiosis observed in aging (5) can have a profound impact upon human health and quality of life.
Although aging cannot be avoided, manipulation of the gut microbiota to ensure a nondysbiotic state offers an attractive therapeutic approach toward healthy aging and a reduction in GIT disorders. Dietary manipulation has been shown to alter gut microbiota composition (17) , improve gut motility (18) , and modulate gut barrier function (19) . However, far less is known about the effects of physical activity/exercise on the colonic epithelial cells and gut microbiota.
Here, the primary aim of this study was to investigate whether changes in mitochondrial function observed in aging colonic epithelium influence the composition of the gut microbiota. The secondary aim was to investigate whether exercise was able to modulate the gut microbiota composition.
Materials and Methods

Murine Model of Aging
To investigate the effect of mitochondrial dysfunction on the gut microbiota composition, we utilized a mouse model (n = 19). Twelve mice with a knock-in missense mutation (D257A) at the second endonuclease-proofreading domain of the catalytic subunit of the mtDNA polymerase Polγ (PolgA mut / mut mice) were used as an accelerated model of aging, as previously described (20) . Mice were agematched to seven wild-type PolgA +/+ mice which were one generation removed from the experimental mice to avoid the maternal transmission of mtDNA mutations onto a wild-type PolgA background (21 ) to ensure that there was no cage effect on gut microbiota. Mice were provided with food (RM3 expanded chow) and water ab libitum. Mice were kept in a room with a constant temperature of 25°C with a 12-hour light/ dark cycle. All animal experiments were conducted in compliance with the UK Home Office and the Newcastle University Animal Welfare Ethical Review Board.
Exercise Intervention
At 4 months of age, male PolgA mut/mut mice were randomly assigned to either the sedentary or endurance exercise groups (exercise [n = 7] and sedentary [n = 5]), with no mice having previously been subjected to a structured exercise regime. The PolgA +/+ mice were not exercised. The mice were acclimitized to the treadmill for a 1-week period prior to the exercise regime. The speed and duration of exercise was built up over a 2-month period from 17 cm/s for 10 minutes to 20 cm/s for 40 minutes which was continued four times per week until the mice were 11 months of age. A 5-minute warm up and cool down period at 12 cm/s was included. A similar protocol has previously been shown to be well-tolerated and beneficial in the PolgA mut/mut mice (22) . Stool samples were collected at 4, 7, and 11 months to extract DNA and amplify the 16S rRNA gene V4 region. At 11 months of age, the mice were killed by cervical neck dislocation. Collected tissues were removed and flushed with phosphate buffer saline (pH 7.4) to remove any faeces and pellets. Colons were gut longitudinally, placed on a paraffin wax dish, and splayed open and pins inserted around the edges. Tissue was then fixed with 10% neutral buffered formalin for 24 hours. Colons were then rolled into a coil before being transferred to 70% ethanol to await tissue processing and paraffin embedding.
COX/Succinate Dehydrogenase Histochemistry
Colon samples were collected from all mice at 11 months and then mounted and frozen in isopentane previously cooled to −160°C in liquid nitrogen. Cryostat tissue sections (10 μm) were cut on to glass slides and were then air dried at room temperature for 1 hour. Dual color histochemistry was performed to quantify the proportion of COX deficient crypts present. Sections were incubated in COX medium (100 μM cytochrome C, 4 mM diaminobenzidinetetrahydrochloride, and 20 μg mL−1 catalase in 0.2 M phosphate buffer [PBS] pH 7.0) at 30°C for 50 minutes. Sections were washed in phosphate buffered saline (PBS; 3 × 5 minutes) and then incubated in succinate dehydrogenase (SDH) medium (130 mM sodium succinate, 200 μM phenazinemethosulphate, 1 mM sodium azide, and 1.5 mM nitrobluetetrazolium in 0.2 M PBS pH 7.0) at 37°C for 35 minutes. Colon sections were then washed in PBS (3 × 5 minutes) and dehydrated through graded ethanol (70%, 95%, and 2 × 100%) and two concentrations of Histoclear (National Diagnostics, Atlanta, USA) and mounted in DPX. Slides were scanned using a Scanscope GL scanner (Aperio) and analysed using SpectrumTM software (Aperio), and the percentage of COX deficient colonic crypts were identified in transverse colon sections. Multiple different levels and a minimum of 500 crypts were examined per tissue sample, as previously described (23) .
Bacterial DNA Extraction and 16S rRNA Bacterial Profiling DNA was extracted from 1 pellet of stool using the Powerlyzer Powersoil DNA isolation kit (MoBio) per the manufactures' protocol. The 16S rDNA V4 region was amplified by PCR and sequenced in the MiSeq platform (Illumina) using the 2 × 250 bp paired-end protocol yielding pair-end reads that overlap almost completely. The primers used for amplification contain adapters for MiSeq sequencing and single-end barcodes allowing pooling and direct sequencing of PCR products (24) .
The 16S rRNA gene pipeline data incorporate phylogenetic and alignment-based approaches to maximize data resolution. The read pairs were demultiplexed based on the unique molecular barcodes, and reads were merged using USEARCH v7.0.1090 (25) , allowing zero mismatches and a minimum overlap of 50 bases. Merged reads were trimmed at first base with Q5. In addition, a quality filter was applied to the resulting merged reads and reads containing above 0.05 expected errors were discarded. 16S rRNA gene sequences were clustered into Operational Taxonomic Units (OTUs), a term used to classify groups of bacteria that are closely related at a similarity cutoff value of 97% using the UPARSE algorithm (26) . OTUs were mapped to an optimized version of the SILVA Database (27) , containing only the 16S V4 region to determine taxonomies. Abundances were recovered by mapping the demultiplexed reads to the UPARSE OTUs. A custom script constructed a rarefied OTU table from the output files generated in the previous two steps for downstream analyses of alpha-diversity, beta-diversity (28) , and phylogenetic trends. Raw data are publicly available through the short read archive database under accession number SRP082232.
Statistical Analysis
Differences in COX/SDH histochemistry between the exercise and sedentary PolgA mut/mut mice were evaluated using an unpaired t-test. Between group differences for weight and Firmicutes:Bacteroidetes ratio were evaluated using an unpaired t-test and within group differences using a paired t-test (two way). Treatment × Time interactions were assessed using a two-way ANOVA. Statistical significance was set at p < .05. Statistical analyses were performed using SPSS statistical analysis software (Version 19, IBM, USA). Analysis and visualization of microbiome communities was conducted in R, utilizing the phyloseq package (29) to import sample data and calculate α-and β-diversity metrics. Each sample was rarefied to 5,000 reads. Significance of categorical variables was determined using the nonparametric Mann-Whitney test for two category comparisons or the Kruskal-Wallis test when comparing three or more categories. Correlation between two continuous variables was determined with linear regression models, where p-values indicate the probability that the slope of the regression line is zero. Principal coordinate plots employed the Monte Carlo permutation test (30) to estimate p-values. All p-values were adjusted for multiple comparisons with the FDR algorithm (31).
Results
Polg Mice and Wild-Type Characteristics
A total of 57 samples from months 4, 7, and 11 were included in the 16S rRNA gene based analysis, subdivided into three separate groups: PolgA mut/mut exercised mice (n = 7; mean weight 30 ± 3 g at 4 months), PolgA mut/mut sedentary mice (n = 5; mean weight 29 ± 1 g at 4 months), and sedentary PolgA +/+ mice (n = 7; mean weight 30 ± 1 g at 4 months). Both PolgA mut/mut groups and PolgA +/+ mice were well matched at baseline for weight with no significant differences (p > 0.05). Mice in all three groups increased weight between months 4 and 7. However, between months 7 and 11, both PolgA mut/ mut mouse groups began to lose weight (Figure 1 ), confirming previously published data (20) .
Respiratory Chain Deficiency in Colonic Crypts
Dual COX/SDH histochemistry was performed on colonic epithelial sections from PolgA +/+ (n = 7) and both PolgA mut/mut mouse groups (sedentary [n = 5] and exercised [n = 7]) at 11 months. This is a well-established technique to detect respiratory chain deficiency due to mtDNA mutations. COX contains subunits encoded by both the mitochondrial and nuclear genomes, whereas SDH is the catalytic part of complex II and is entirely nuclear encoded. Cells with normal COX enzyme activity are brown, cells which are deficient in COX activity but have normal SDH activity are blue (32) . In the PolgA +/+ mice, low levels of COX deficiency were observed (1%). In stark contrast staining in PolgA mut/mut mice showed both partial and fully COX deficient crypts, which presented as a random mosaic pattern throughout (Figure 2 ). There was no significant difference in the proportion of COX deficient crypts between the sedentary (mean 78 ± 6%) and exercised (mean 77 ± 13%) PolgA mut/mut mice (p > 0.05).
Bacterial Profiles
Bacteroidetes was the most dominant phylum, with the majority of mice having at least 50% relative abundance in both the PolgA mut/mut and PolgA +/+ groups ( Figure 3) . Firmicutes was also highly abundant in both groups of mice. At the phylum level, the PolgA mut/mut mice had lower relative abundance of Bacteroidetes, but higher levels of Firmicutes and Proteobacteria when compared with the PolgA +/+ mice. Over time, the relative abundance of Bacteroidetes increased and Firmicutes reduced in the PolgA mut/mut ; however, the opposite was observed in the PolgA +/+ mice, although these changes were nonsignificant (p > 0.05; Figure 4 ). These differences were evident in the Firmicutes/Bacteroidetes ratio of the PolgA mut/mut mice, which was atypical when compared with the PolgA +/+ mice 
Effect of Aging
To investigate the effect of the accelerated aging due to mitochondrial dysfunction in the PolgA Figure 5A ). Weighted UniFrac (takes into account the number of OTUs and how related the bacteria is by incorporating phylogenetic distances) was not significant (Supplementary Figure 2) . α-Diversity was assessed comparing the number of OTUs (a measure of diversity) between PolgA mut/mut and PolgA +/+ mice among 4, 7, and 11 months. α-Diversity analysis showed temporal significance (p = .01), with an increased number of OTUs in the PolgA +/+ mice compared with the PolgA mut/mut mice overall, demonstrating that bacterial diversity increased in PolgA +/+ mice, but decreased over time in the PolgA mut/mut mice ( Figure 5B ). Although the number of OTUs was similar at 4 months, the number of OTUs gradually decreased between 7 and 11 months in the PolgA mut/mut mice. The final sample at 11 months revealed a significant reduction (p = .007) in the number of OTUs in the PolgA mut/mut mice, demonstrating that as the mice age bacterial diversity decreases ( Figure 5B) . Notably, the Shannon diversity index (a measurement reflecting the number of different bacterial species and how evenly these are distributed in the sample) was not significant within and between Figure 3A .
Effect of Exercise
To evaluate whether exercise was able to modulate the effects of mitochondrial dysfunction on the gut microbiome composition, the sedentary PolgA mut/mut mice (n = 15) were compared with the Figure 4A) ; however, the Bray Curtis dissimilarity (accounts for the abundance of OTUs) was significant (p = .02, R-squared = 0.073, Supplementary Figure 4B) . The α-diversity showed a trend to attenuate the reduction in number of OTUs observed in sedentary PolgA mut/mut mice; however, this was not significant at 4, 7, and 11 months (p > 0.05; Figure 6B ), suggesting that exercise may be able to attenuate decreased bacterial diversity observed in aging. There were significant increases in the relative abundance of Mucispirillum and Desulfovibrio (p > 0.05) at month 11 in exercise compared with sedentary PolgA mut/mut mice ( Figure 6C ). Within exercise and sedentary PolgA mut/mut mice, there were changes in the temporal distribution of Bacteroides, Helicobacter, and Lactobacillus from 4 to 11 months (Supplementary Figure 5) . There was a significant increase in the relative abundance of Bacteroides (p = .03), and reductions in both Helicobacter and Lactobacillius over time in the exercise group, although the latter two were not significant (p > 0.05, Supplementary Figure 5) . Exercise elicited significant changes in Mucispirillum and Desulfovibrio over time (p > 0.05; Supplementary Figure 3B ).
Discussion
In this study, we have confirmed that PolgA mut/mut mice display evidence of age-related mitochondrial dysfunction in colonic epithelial crypts, making them a robust model of accelerated aging (20, 33) . This is the first study to show that the gut microbiota is significantly altered in PolgA mut/mut mice compared with PolgA
mice, thus demonstrating that age-related mitochondrial dysfunction is able to modulate the gut microbiota. This was manifested as a reduced number of OTUs and diversity. Two of the major taxonomic differences observed here were a significant increase in Lactobacillus and a decrease in the relative abundance of Allobaculum in the PolgA mut/mut mice, which has previously been observed in elderly and antibiotic-treated patients (34, 35) . Intriguingly, the end products of Allobaculum fermentation are SCFAs, specifically butyrate which is the primary energy source for colonocytes that promotes epithelial cell health (14) . In addition, butyrate has been shown to possess anti-inflammatory and anti-carcinogenic properties (44) . Whether mitochondrial dysfunction directly causes the reductions in Allobaculum is unclear; however, reductions in a primary energy source such as butyrate through reductions in Allobaculum may be contributing to reduced colonic epithelia crypt cell proliferation and increased apoptosis previously reported in PolgA mut/mut mice (36). In addition, in the PolgA mut/mut mouse small intestine, mtDNA mutations were associated with reduced lipid absorption and altered stem progenitor cell cycling (36) . The gut microbial composition has been shown to be crucial for macronutrient digestion and absorption; for example, Bacteroides thetaiotaomicron has been shown to augment lipid hydrolysis up regulating expression of colipase, which is essential for pancreatic lipase activity (37) . Although all mice were provided with the same food and drink ad libitum, the PolgA mut/mut had a reduction in weight, common in the aging phenotype. Although not recorded, this may have been due to consuming different amounts of food and drink. However, there is evidence demonstrating that exercise increases appetite (38) and muscles mass regardless of aging (39) , which would attenuate weight loss. Although it cannot be definitively proven in the current study, this is a preliminary study to identify that mice who present with an aging phenotype have reduced lipid absorption, altered stem progenitor cell cycling (36), due to mitochondrial dysfunction in colonic crypts and alterations in bacterial composition. Reduced lipid absorption and altered stem progenitor cell cycling would undoubtedly contribute to weight loss observed in PolgA mut/mu mice and have previously been reported in humans (20, 33, 36) . The direction of causality between weight loss and changes in bacterial composition remains unknown, and prospective and longitudinal studies are warranted.
The host immune system is mediated by gut epithelium, commensal bacteria, and immune cells (40) , all of which are impaired with aging and associated with poor health (41) . Mitochondrial dysfunction is present from early in life and increases with age (42) . This may have impact upon the ability of colonic crypts to function efficiently. Defects in the cells of the colonic crypts (enterocytes, goblet, enteroendocrine, and tuft cells) can affect homeostasis of the GIT, impacting upon barrier permeability, nutrient uptake, immune system, and the dynamic cross talk with the gut microbiota (43) (44) (45) . In this mouse model, it has been shown that mtDNA dysfunction is the primary driving force responsible for the aging phenotype (20, 33) . However, the resulting gut microbiota dysbiosis may then accentuate the aging phenotype further, as it has been identified as a major risk factor for GIT disorders (43) . There was no difference in the level of COX deficiency in the colonic epithelial cells of the exercise and sedentary PolgA mut/mut mice. Exercise elicits mitochondrial biogenesis in skeletal muscle (46) ; however, in the present study, exercise had no effect on mitochondrial function in the colonic epithelial cells of the PolGA mut/mut . These data suggest that the age associated decline in physiological function of the GIT may be unavoidable, but modulation of the gut microbiota through lifestyle interventions, including dietary modification, which has been shown to alter bacterial composition within days (17) , exercise presented here, and tailored medication may prove effective to maintain GIT homeostasis and ensure healthy aging.
Moderate exercise has been shown to improve immune function and reduce inflammation (15) , commonly reported in GIT disorders. Exercise has also been shown to modulate gut microbiota composition and improve GIT health (47, 48) . However, the effects of exercise on colonic crypts and gut microbiota in an accelerated model of aging have not been observed. In the current study, exercise had no effect on mitochondrial function in the colonic epithelial cells of the PolgA mut/mut mice. Exercise was able to attenuate the observed reduction in bacterial diversity associated with aging, as measured through an increase in the number of OTUs over time. However, it is unclear as to whether this increase in diversity is entirely beneficial, as previously suggested (47) . For example, a decrease in Helicobacter and a significant increase in Bacteroides suggest a potentially protective effect of exercise. In contrast, exercise elicited significant increases in the relative abundance of Mucispirillum and Desulfovibrio at month 11. These bacteria have been linked with inflammation, are known mucin degraders, producers of hydrogen sulfide and ammonia (49, 50) , and have been observed in models of colitis (16) . During exercise, blood flow to the GIT is reduced and re-directed to the working muscles. Although not measured here, this may reduce movement of digesta through the GIT, increasing exposure of the GIT to potentially pathogenic bacteria. Furthermore, intense exercise may induce acute GIT symptoms, inducing gut mucosal ischemia and oxidative stress, disrupting epithelial cells (51) , and accentuating inflammation (52) . The increases in Mucispirillum and Desulfovibrio seen here may be linked with an inflammatory response to exercise in the PolgA mut/mut mice. Further research is required to compare various intensities of exercise and assess inflammatory response following exercise in larger sample sizes in various ages to ascertain a safe and beneficial intensity for aging populations to ensure that they remain active as part of healthy aging phenotype.
Conclusion
This study is the first to investigate the effects of mitochondrial dysfunction on the gut microbiota composition and whether these effects can be influenced by exercise. These data demonstrate significant changes in the gut microbiota in the presence of high levels of COX deficiency. Exercise did not attenuate the degree of COX deficiency; however, exercise did have an effect on the gut microbiota, although not to the same extent as aging. Further work is warranted to assess the effectiveness of environmental factors on modulating the gut microbiota and improving the aging phenotype.
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